Many observations of the role of the membrane in the function and organization of transmembrane (TM) proteins have been explained in terms of hydrophobic mismatch between the membrane and the inserted protein. For a quantitative investigation of this mechanism in the lipid-protein interactions of functionally relevant conformations adopted by a multi-TM segment protein, the bacterial Leucine Transporter (LeuT), we employed a novel method, ContinuumMolecular Dynamics (CTMD), that quantifies the energetics of hydrophobic mismatch by combining the elastic continuum theory of membrane deformations with an atomistic level description of the radially asymmetric membrane-protein interface from MD simulations. LeuT has been serving as a model for structure-function studies of the mammalian Neurotransmitter:Sodium Symporters (NSSs), such as the dopamine and serotonin transporters, which are the subject of intense research in the field of neurotransmission. The membrane models in which LeuT was embedded for these studies were composed of 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) lipid, or 3:1 mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) lipids. The results show that deformation of the host membrane alone is not sufficient to alleviate the hydrophobic mismatch at specific residues of LeuT. The calculations reveal significant membrane thinning and water penetration due to the specific local polar environment produced by the charged K288 of TM7 in LeuT, that is membrane-facing deep inside the hydrophobic milieu of the membrane. This significant perturbation is shown to result in unfavorable polarhydrophobic interactions at neighboring hydrophobic residues in TM1a and TM7. We show that all the effects attributed to the K288 residue (membrane thinning, water penetration, and the unfavorable polar-hydrophobic interactions at TM1a and TM7), are abolished in calculations with the K288A mutant. The involvement of hydrophobic mismatch is somewhat different in the functionally distinct conformations (outward-open, occluded, inward-open) of LeuT, and the differences are shown to connect to structural elements (e.g., TM1a) known to play key roles in transport. This finding suggests a mechanistic hypothesis for the enhanced transport activity observed for the K288A mutant, suggesting that the unfavorable hydrophobic-hydrophilic interactions hinder the motion of TM1a in the functionally-relevant conformational transition to the inward-open state. Various extents of such unfavorable interactions, involving exposure to the lipid environment of adjacent hydrophobic and polar residues, are common in multi-segment transmembrane proteins, and must be considered to affect functionally relevant conformational transitions.
Introduction
The membrane environment has been shown to play a significant role in the function and organization of various membrane proteins such as GPCRs and ion channels. Documented examples include the oligomerization and activation of Rhodopsin, a prototypical GPCR (Botelho et al., 2002; Botelho et al., 2006; Brown, 1994; Brown et al., 2002; Soubias et al., 2010) , the inactivation of voltage-dependent sodium channels (Lundbaek et al., 2005; Rusinova et al., 2011) , and the gating of mechanosensitive ion channels (Perozo et al., 2002; Phillips et al., 2009 ). Many such observations have been explained in terms of the energy cost due to the hydrophobic mismatch between the membrane and the protein (Andersen and Koeppe, 2007; Goforth et al., 2003; Huang, 1986; Nielsen et al., 1998; Phillips et al., 2009; Soubias et al., 2010) .
In response to the hydrophobic mismatch between the protein and the membrane in which it is inserted, the membrane deforms with a tendency to alleviate the mismatch (Harroun et al., 1999a) . However, the hydrophobic matching by membrane deformation alone may remain incomplete (Marsh, 2008; Soubias et al., 2008) , especially if the inserted protein is composed of several transmembrane (TM) segments that have different hydrophobic thicknesses (Mondal et al., 2011) . The multi-segment TM proteins present to the surrounding membrane a radially asymmetric hydrophobic surface that imposes spatial constraints as a result of the energetic drive to match different hydrophobic lengths coming together in localized neighborhoods (Mondal et al., 2011) . Consequently, the membrane deformation may not alleviate fully the hydrophobic mismatch. Indeed, our recent computational investigation of membrane-protein interactions of 7-TM segment GPCRs revealed that (i)-the local membrane deformation profile is radially asymmetric, in response to the radially asymmetric hydrophobic surface of these 7-TM membrane proteins; (ii)-notwithstanding local membrane deformations, the hydrophobic mismatch was not able to alleviate completely the exposure of specific residues to unfavorable polar-hydrophobic interactions (residual exposure); iii)-the energy penalty associated with the residual exposure (the residual exposure energy) is likely to have a spatially organizing role in the oligomerization properties of the GPCRs (Mondal et al., 2011; Mondal et al., 2012) ; and (iv)-membrane-protein interactions of very similar proteins can be very different due to the effect of just a few key differences in sequence . Furthermore, we found that the binding of different ligands to the same GPCR can induce different conformations characterized by the orientation of specific TMs and loops, which produce distinct interactions of the membrane (Shan et al., 2012 ).
These findings were made possible by application of a novel approach to the computational models of the systems equilibrated with extensive molecular dynamics (MD) simulations, the Continuum-Molecular Dynamics (CTMD) method. This method quantifies the energetics of hydrophobic mismatch, taking into account the radial asymmetry of the hydrophobic surface of multi-segment transmembrane proteins and its effect on the surrounding membrane. It achieves this by combining the well-known elastic continuum theory of membrane deformations with an atomistic level description of the asymmetric membrane-protein interface from the cognate MD simulations (Mondal et al., 2011) .
As demonstrated recently for GPCRs (Shan et al., 2012) , our new CTMD approach can reveal distinct membrane-protein interactions associated with the different conformations adopted by multi-TM segment proteins in their functional mechanisms. This motivated our ongoing studies of the involvement of protein-membrane interaction in the function of another important family of multi-segment integral proteins -the neurotransmitter:sodium symporters (NSSs, TC code 2.A.22 (Saier Jr, 1999) ). From a series of multidisciplinary studies of several members of this family of membrane proteins in a structural and mechanistic context, we have identified function-related conformational rearrangements and dynamic properties of the bacterial leucine transporter, LeuT Zhao et al., 2010; Zhao et al., 2011) , for which a number of ligand-bound crystal structures are available Nyola et al., 2010; Piscitelli et al., 2010; Singh et al., 2007; Yamashita et al., 2005) . Insights into various aspects of the structure and the functional mechanisms of LeuT were sought not only from the X-ray crystallography of LeuT in multiple conformations and in complex with different substrates or inhibitors Yamashita et al., 2005; Zhou et al., 2009 ), but also from dynamic measurements with EPR (Claxton et al., 2010) and single molecule FRET (Zhao et al., 2010; Zhao et al., 2011) , as well as from functional assays , and molecular dynamics simulations (Shaikh and Tajkhorshid, 2010; Shi et al., 2008; Zhao, 2012; Zhao et al., 2010; Zhao et al., 2011) . These studies have identified key conformational changes of LeuT during substrate transport, the most notable change being the movement of the cytoplasmic segment of TM1 away from the TM-bundle during the transition of LeuT from outward-open to inward-open conformations Zhao et al., 2010; Zhao et al., 2011) .
The high degree of sequence homology of LeuT with the human neurotransmitter transporters (Beuming et al., 2006) , and the high resolution crystal structures available for this protein have established LeuT as the prototypical model for studying the NSS family (Beuming et al., 2008; Beuming et al., 2006) . Moreover, it is now clear as well that many other transporters that do not exhibit an obvious sequence similarity to LeuT, such as the betaine transporter BetP and the proton-dependent transporter ApcT from the amino acid-polyamine-organocation family, share a common "LeuT-like" fold (Perez et al., 2011; Shaffer et al., 2009 ) and mechanism .
The information regarding structure-function relations for LeuT has guided our studies of the human NSS homologs, i.e., the transporters for dopamine (DAT) and serotonin (SERT) (Beuming et al., 2008; Beuming et al., 2006; Shan et al., 2011) . The physiological and medical significance of such an understanding stems from the important role the NSS transporters in neurotransmission. They are secondary active transporters that terminate neurotransmission by Na + -driven uptake of the neurotransmitter from the synaptic cleft (Sonders et al., 2005) . Not surprisingly, therefore, they are targeted by important medications such as the transporterspecific antidepressants (Zhou et al., 2009 ), but they are also the target of psychostimulant drugs of abuse like cocaine and amphetamine (Amara and Sonders, 1998) . The thermodynamically uphill transport of substrate by the NSS transporters is driven by the co-transport of sodium down its electrochemical gradient, and the substrate transport involves major conformational changes of the transporter, generally considered to connect the outward-open to inward-open conformations in the spirit of a well-weathered alternating access theory (Jardetzky, 1966) .
It became clear from the large variety of experimental and computational studies that the environment surrounding LeuT and the NSS transporter proteins can play a critical role in their function (Quick et al., 2012; Wang et al., 2012) . Combined with the observation of significant reorientations of TM segments and their direct relation to the functional mechanism (Zhao et al., 2010; Zhao et al., 2011) , we reasoned that a quantitative evaluation of the membrane-protein interaction patterns is essential in order to understand the functional mechanisms of these important proteins. As part of this study, we present here the results of a quantitative evaluation of the nature and effects of membrane-protein interactions for LeuT, in the context of different conformations associated with the transport mechanism.
We present the results from calculations of membrane deformation and residual exposure profiles using the CTMD approach applied first to published molecular dynamics trajectories of LeuT in its key conformational states Zhao et al., 2010) , viz., outward-open, occluded, and inward-open states and embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer. The analysis identified strikingly large effects at the membrane-protein interface, including thinning of the membrane and a large extent of water penetration into a region of the membrane bilayer near the membrane-facing polar residue K288 of TM7. Notably, hydrophobic residues of TM7 and the TM1a segment of TM1 positioned in the neighborhood of K288 were found to be exposed to this water penetration due to their relatively large residual exposure at the deformed membrane-protein boundary.
The membrane-facing lysine at position 288 in LeuT is not a conserved residue in the NSS, and the special properties of the membrane environment of LeuT in the bacterial cell might affect the specific effects calculated in the POPC lipid bilayer, a common membrane model in the computational study of mammalian membrane proteins. Therefore, we investigated whether the large residual exposures we observe in the neighborhood of K288 occur as well in an environment more similar to the bacterial membrane. To this end we repeated the analysis for a LeuT embedded in the more native-like 3:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)/ 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) lipid mixture, with MD trajectories starting from different crystal structures, viz., 3F3A and 3GJD (a complete list of molecular dynamics trajectories in this paper is given in Table 1 of Methods). The remarkable residual exposure was found as well in the more native-like membrane. It became important, therefore, to consider the functional effect of this significant perturbation of the membrane-facing polar lysine residue at position 288 of LeuT, in view of experimental data showing that a K288A mutant exhibits improved transport properties in experimental systems (Piscitelli and Gouaux, 2012; Piscitelli et al., 2010) . The results obtained for the K288A mutant construct verified that the effect at the neighboring hydrophobic residues is due to the interaction of the polar K288 with the membrane. Thus, the mutation abolished the large membrane deformation near K288A and also the residual exposure at the neighboring hydrophobic residues of TM1a and TM7. These findings, and the experimentally demonstrated effect of the K288A mutation on the transport efficiency of LeuT, led to the proposal of a mechanism by which the characteristics of the K288 involvement in the local protein-membrane interaction affect the rate of transition to the inward-open state of the transporter.
Methods

Continuum-Molecular Dynamics (CTMD)
The recently described hybrid Continuum-Molecular Dynamics (CTMD) approach (Mondal et al., 2011) was employed here to quantify membrane deformations around LeuT and corresponding energetics, as well as residual exposure, i.e., the hydrophobic mismatch at specific residues that is not alleviated by membrane deformations. To evaluate these quantities, the membrane-protein interface is first described at an atomistic level with Molecular Dynamics (MD) simulations, and the corresponding membrane deformations are then calculated at the continuum level with the elastic theory of membrane deformations but without making the typical assumption of cylindrical symmetry (Andersen and Koeppe, 2007; Nielsen et al., 1998) . In the process, the continuum-level calculations yield as well the energy cost of these membrane deformations. The CTMD approach is available as part of the stand-alone application CTMDapp at http://memprotein.org/resources/servers-and-software.
For the present study, we present an extension of the previously described CTMD approach in order to take into account the significant asymmetry in the lipid-protein interactions in the two leaflets discussed for transporters like LeuT (Pantano and Klein, 2009) . While it has been a common approximation to consider bilayer deformations as an average over the two leaflets (Mondal et al., 2011; Nielsen et al., 1998) , the two leaflets of the bilayer can be treated separately at the continuum-level (Callenberg et al., 2012; Huang, 1986; Khelashvili et al., 2009b) , and here we describe an extension of CTMD that treats the two leaflets of the bilayer separately.
Membrane Deformations
The membrane shape is described in terms of the local deformations u + (x,y) and u -(x,y) of the upper and lower leaflet, respectively:
where d 0 is the "bulk" bilayer thickness away from the protein, and d + (x,y) and d - (x,y) are the local bilayer heights of the upper and lower leaflet, respectively, defined relative to the midplane.
With contributions from compression-extension, splay-distortion, and surface tension terms (Huang, 1986; Mondal et al., 2011; Nielsen et al., 1998) , the energy cost of bilayer deformations is
where K a is the compressibility modulus, K c is the bending modulus, α is the coefficient of surface tension, and C 0 is the monolayer spontaneous curvature (for parameterization details see Section 2.4 below).
To determine u + (x,y), u -(x,y) , and the corresponding ΔG def , the two leaflets were treated as uncoupled in the solution procedure (Callenberg et al., 2012) . Specifically, to solve for u + (x,y), we set u -(x,y) = 0 in Eq. 2. Similarly, to solve for u -(x,y), we set u + (x,y)= 0 in Eq. 2. Following this simplification, the deformations were determined separately in the two leaflets by minimizing the corresponding ΔG def . Specifically, u + (x,y) and u - (x,y) were obtained by solving the corresponding Euler-Lagrange equations
where the generic notation u is used to represent u + (x,y) and u - (x,y) , in the respective equations, in Γ represents the membrane-protein boundary, and out Γ is the outer boundary contour in the bulk.
The boundary value problem in Eq. 3 is solved numerically without assuming cylindrical symmetry of membrane deformations, according to the procedure described in the original CTMD formulation (Mondal et al., 2011) . To this end, in Γ and the boundary conditions for u(x,y) + and u(x,y) -at in Γ were obtained from atomistic MD simulations of the system. To obtain these boundary conditions, the membrane surface was first represented on a rectangular grid with spacing of 2 Å that was fit to the phosphates of each leaflet in the cognate MD trajectories and centered at the transmembrane protein. The gridded data was then time-averaged and spatially smoothed. In defining the membrane-protein boundary from this gridded data, grid squares at the interface are considered only if they were populated by phosphates in both leaflets. The corresponding u +,MD (x,y) and u -,MD (x,y) , calculated with Eq. 1 from the grid, provide the boundary condition u 0 (x,y) at in Γ for each leaflet, respectively. The boundary condition on curvature at in Γ , i.e., v 0 (x,y), was determined by means of a self-consistent optimization procedure that minimizes ΔG def as detailed in the original description of the CTMD method (Mondal et al., 2011) .
Residual Exposure
The residual exposure of protein residues at the membrane-protein interface was quantified from the calculation of the surface area SA res,i of hydrophobic residues exposed to polar environment, and of polar residues embedded in hydrophobic environment, in the MD trajectories. The corresponding energy cost ΔG res,i for each residue was calculated as a linear function of the residual exposure area SA res,i :
with the constant of proportionality res σ taken to be 0.028 kcal/(mol. Å 2 ) (Ben-Tal et al., 1996; Choe et al., 2008) . Further methodological details are available in (Mondal et al., 2011) .
Molecular Constructs
The atomistic MD simulations have been carried out on molecular constructs of LeuT (see Table 1 ) from two different X-ray structures: PDB accession codes 3F3A and 3GJD ). In the outward-facing 3F3A structure, LeuT contains a Trp molecule in the primary binding site S1, and the molecules Trp, β-octylglucoside (OG) detergent, and tetradecane (C14) in the secondary binding site (the S2 site). In the occluded structure, 3GJD, the transporter is complexed with Leu in the S1 site, and OG in the S2 site. Several MD simulations were carried out on constructs differing in the content of their S2 site, as detailed in Table 1. For the starting structures, LeuT residues that were missing from the X-ray structure were added with Modeller (Sali and Blundell, 1993) ; these included in 3F3A the first 4 residues on Nterminus, and residues N133-A134 in EL2 loop; in 3GJD the first 4 residues of the N-terminus, the last 8 residues of the C-terminus, and the P132-N133-A134 stretch in the EL2 loop. All crystallographic waters and ions were retained in the simulations. Residues Glu112, Glu287, and Glu419 were protonated.
To obtain the Lys288-to-Ala (K288A) mutant construct, the substitution was carried out in the 3GJD structure of LeuT using VMD (Humphrey et al., 1996) . All LeuT models from Table 1 were inserted in a pre-assembled lipid membrane model that was composed of a 3:1 mixture of POPE (1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol) (see Table 1 for the number of lipids), a mixture that is closely related to E-coli lipid extract (Raetz, 1978) . This lipid bilayer was built using the CHARMM-GUI web facility (Jo et al., 2009) . After protein insertion and upon removal of overlapping lipids, the LeuT/membrane complex was solvated with TIP3 waters and then ionized with Na + and Cl -to achieve an ion concentration of 0.15 M.
Conformations of LeuT corresponding to the outward-open, occluded, and inward-open states have been simulated previously in model POPC membrane with various combinations of regular and steered MD simulations (for details, see Zhao et al., 2010; Zhao et al., 2011) ). The atomistic trajectories for these conformations were also used here for the CTMD calculations described in Section 2.1.
Molecular Dynamics simulations
All-atom MD simulations were carried out with the NAMD 2.7 package (Phillips et al., 2005 ) using all-atom CHARMM force fields: CHARMM27 with CMAP corrections for proteins (Brooks et al., 2009 ), CHARMM36 lipid force field (Klauda et al., 2010) , and CHARMMcompatible force-field parameter set for OG detergent derived from that of N-dodecyl-β-maltoside detergent (Abel et al., 2011) . Molecular constructs were first equilibrated for 5ns according to the protocol previously developed in our lab . According to this protocol, the transporter backbone and the heavy atoms of the substrates bound in the S1 and S2 sites were initially fixed and then harmonically constrained to prevent water penetration. Constraints were released gradually with decreasing force constants of 1, 0.5, and 0.01 kcal/(mol·Å 2 ). After this initial equilibration phase, unbiased MD simulations were carried out (Table 1) with an integration step of 1 fs for the equilibration stage and 2 fs thereafter, in an NPT ensemble under semi-isotropic pressure coupling conditions and at 310 K temperature; PME was used for electrostatics interactions. The Nose-Hoover Langevin piston algorithm was used to attain the target 1 atm pressure with the LangevinPistonPeriod set to 100 fs and LangevinPistonDecay set to 50 fs.
Parametrization of the CTMD model
The continuum equations for membrane deformations (Eq. (3)), when applied to LeuT in the POPC bilayer, were solved with the following macroscopic elastic parameters for POPC lipid: K a = 230 mN/m (Rawicz et al., 2000) , K c = 8.5×10
-20 J , α = 3×10 -13 N/ Å (Nielsen et al., 1998) , C 0 =0 (Soubias et al., 2010) , and a phosphate-to-phosphate bilayer thickness of d 0 =42 Å based on the bilayer thickness away from the protein.
For LeuT in the 3:1 POPE/POPG lipid mixture, we did not carry out ΔG def energy calculations due to the lack of experimental estimates for C 0 of POPE and POPG lipids. An estimate for C 0 of DOPG has been used recently as a proxy for the C 0 of POPG (Strandberg et al., 2012) , and that of DOPE -for POPE (Marsh, 2007) . However, we do not report energy costs for the POPE/POPG mixture calculated with the available experimental estimates for C 0 of DOPE/DOPG lipid mixtures (Alley et al., 2008) , because the quadratic nature of the curvature energy term renders the energy cost of membrane deformations highly sensitive to the large C 0 values of DOPE or POPE rich lipid mixtures. In any case, calculating this energy cost for the POPE/POPG lipid bilayer was not necessary in order to reach the conclusions in this paper.
Results
Hydrophobic mismatch between LeuT and a POPC bilayer is not completely alleviated by membrane deformations
To obtain a quantitative description of the interaction of LeuT with its membrane environment in the context of the transport mechanism of LeuT, we applied the recently described hybrid Continuum-Molecular Dynamics approach (CTMD) (Mondal et al., 2011) to LeuT in its three known conformations in the transport cycle viz. outward-open, occluded, and inward-open conformations. For these calculations, we took advantage of available trajectories from our reported atomistic Molecular Dynamics (MD) simulations of LeuT embedded in POPC lipid bilayer (Claxton et al., 2010; Shi et al., 2008; Zhao et al., 2010; Zhao et al., 2011) to characterize the membrane-protein interface as described in Methods.
Analysis of the hydrophobic mismatch revealed that specific membrane-facing residues in TM1, TM7, and TM11 remain exposed to unfavorable hydrophobic-polar interactions with energy penalty >1 kT in all three conformations ( Fig. 1 and Table 2 ). The general reasons for incomplete alleviation of hydrophobic mismatch in multi-TM proteins have been discussed elsewhere (Mondal et al., 2011) . In the LeuT system, the residues exhibiting residual exposure in all three conformations of the protein are L12 in TM1a (the cytoplasmic segment of TM1), L277 of TM7, and P473 of TM11; the I15 residue in TM1a is exposed only in the inward-facing conformation. The energy cost of residual exposures is evaluated to be 2-3.5 kT per residue ( Table 2 ). Note that here we only consider the residual exposure at membrane-facing residues. Interestingly, the residual exposure occurs even though the hydrophobic thickness of the POPC bilayer is well matched to the average hydrophobic thickness of LeuT. Specifically, we have verified this by using the Orientations of Proteins in Membrane (OPM) utility PPM 2.0 to position a LeuT monomer (from various X-ray crystal structures) in a uniform hydrophobic milieu of adjustable thickness. From this procedure we obtained an average hydrophobic thickness of ~27-28 Å with a precision of < ~2 Å (see Fig.  S1 ). This value is well-matched to the experimental estimate of ~27 Å for the hydrophobic thickness of POPC bilayer .
To understand why complete hydrophobic matching is not achieved between the POPC bilayer and the embedded LeuT molecule, we examined the structural context of the residues exhibiting large residual exposure (Figs. 1A and 1B) and found them to be adjacent to residues of opposite hydrophobic character. Specifically, the hydrophobic L12 of TM1a and L277 of TM7 are both adjacent to the membrane-facing polar K288 of TM7 (Fig. 1A) , and the hydrophobic P473 of TM11 is adjacent to the polar R469 (Fig. 1B) . The consequences of these adjacencies for the interaction with the membrane are evident from the results of the MD simulations, as illustrated with snapshots from the trajectories in Figs. 1A and 1B. We find that although the lipid-facing K288 is immersed deep within the membrane (three helical turns above the cytoplasmic end of TM7), the deformation of the membrane enables it to interact with a polar environment of water and lipid head-groups due to a dramatic bending of the phospholipid surface and water penetration (Fig 1A) . As a result of the hydrophobic matching at K288, the neighboring hydrophobic residues L12 and L277 can no longer be completely covered by the hydrophobic core of the lipid bilayer and become unfavorably exposed to the polar environment (Fig. 1A) , thus incurring a substantial energy penalty (Table 2) .
Interestingly, the residual exposure at L12 in the inward-facing conformation is smaller (1.4 kT) than that in the outward-facing or occluded states (~3kT, see Fig. 1C ). This correlates with a relative motion of the TM1a segment away from the protein bundle and into the membrane when LeuT transitions from the occluded to the inward-facing conformation. However, this re-positioning of TM1a brings another K288-juxtaposed hydrophobic residue in TM1a, I15, into a membrane-facing position adjacent to the thinned area of the membrane near TM7 (see Fig. 1A ). The calculations show that the energy cost of residual exposure of I15 is ~2 kT in the inward-facing state of LeuT (Fig. 1C) , so that the combined energy penalty at TM1 is ~3-3.5kT in the inward-facing state as well (Table 2) .
Another membrane-facing residue involved in unfavorable polar-hydrophobic interactions is P473 of TM11 (Figs. 1B and 1C) . Using the OPM-based analysis of degrees of residual exposure in membrane models of different uniform thickness, as described above, we concluded that the accessibility of P473 involves lipid-protein interactions (Fig. S3) , even if this residue is also partly accessible to water from the extracellular vestibule. Specifically, we embedded the LeuT structure PDBid 3F3A in slabs of increasing thickness and found that P473 can be accommodated inside the hydrophobic core by a modest thickening in the upper leaflet (to a hydrophobic thickness of 30.8 Å for the bilayer). Because this membrane deformation, which would have alleviated the hydrophobic mismatch at P473 does not occur in POPC (Fig. 1C) , we reason that the nearby presence of an embedded R469 (see Fig. S3 ) has made this too costly energetically. Thus, Fig. S3B shows R469 is likely too far away (more than 8.2 Å in the Zdirection alone from the phosphates) to alleviate the hydrophobic mismatch by snorkeling alone. Taken together, these observations identify the accessibility at P473 as another example of residual exposure, resulting in substantial energy penalty (2-3 kT, see Table 2 ) that is still lower than what a buried arginine would incur (see, for example, (Moon and Fleming, 2011) ). Consistent with this reasoning, a local thinning of the POPC lipid bilayer is observed to occur near TM11 (Fig 2) .
The bending of the phosphate surface observed locally from the results of MD simulations is, of course, a component of the global membrane deformation profile. To quantify this profile and its corresponding energetics, we calculated the equilibrium shapes of the POPC membrane leaflets around LeuT with the hybrid CTMD approach (see Methods). The deformation profiles (Fig. 2) show the bilayer thinning near TM7 and TM11 in all three conformations of the transporter (blue colors in Fig. 2) . But in addition, Fig. 2 reveals other regions of local thinning and thickening around LeuT. For example, considerable thinning occurs near the cytoplasmic ends of TM4 and TM5, and a thickening of the membrane occurs near TM9 and TM12 (Fig. 2) .
The complicated radial asymmetry of local membrane thickening and thinning of the membrane is essential for relieving hydrophobic mismatch in multi-TM proteins
While not all the complex hydrophobic mismatch pattern can be eliminated by membrane deformation, as shown above, the extent to which local membrane thickening and thinning in the POPC bilayer relieves the hydrophobic mismatch between the protein and the membrane, becomes evident when the results are compared to the LeuT residues that are seen in the OPM slab to be unfavorably exposed (Fig. S1A-C) . Considering that the OPM slab represents the best matching of a hydrophobic milieu of uniform thickness to LeuT, the significant unfavorable exposure still remaining at several residues in LeuT indicates that radially symmetric membrane deformations do not suffice to alleviate the hydrophobic mismatch of LeuT. However, we find that in MD-based calculations, most of these residues are accommodated in the locally deformed POPC bilayer (Figs. 1C, 2, S1D ), indicating a general tendency towards hydrophobic matching by means of local membrane deformations. For example, the hydrophobic residues F502 and L503 in TM12 are accommodated within the hydrophobic core of the locally thicker POPC membrane (Fig. S1D) . Finally, as mentioned above, the local membrane thinning in the lower (cytoplasmic) leaflet near TM7 accommodates the polar K288, and that in the upper leaflet near TM11 accommodates R469 (see Methods for a description of separate leaflet calculations). Fig. 2 that the extent of these membrane deformations is different in the outward-open, occluded, and the inward-open conformations. To investigate if the different extents of deformation involve a substantial difference in energy costs as well, we quantified the energy cost of membrane deformations for the three conformations. The deformation energies (calculated relative to a flat bilayer state) were 3.9 kT in the inward-facing conformation and 3.1 kT in both the outward-open and the occluded conformation. Taken together, our quantitative analysis of membrane deformations and the residual exposure in the POPC model membrane reveals that the deformations around LeuT tend to reduce hydrophobic mismatch between the protein and the membrane. The membrane deformation energies are similar in the three conformations and do not appear to be important in differentiating the conformational states energetically. But the hydrophobic mismatch is not completely alleviated by membrane deformations in any of the three states of the transporter. The energetically costly residual exposures occurring at TMs 1,7, and 11 may play a role in the transitions among functionally distinct conformations, as discussed further below in the comparison between the WT and K288A constructs.
It is evident from
The residual exposures at TMs 1,7, and 11 are retained in the native-like environment of the 3:1 POPE/POPG bilayer
In the POPC lipid bilayer, which is a standard membrane model in theoretical and experimental studies of membrane proteins, the residual exposure was found to occur at TMs 1,7, and 11 of LeuT in several different conformations. While the POPC bilayer is reasonably well matched with LeuT in terms of average hydrophobic thickness, LeuT functions in bacterial membranes, and bacterial membranes are rich in a mixture of phospholipids with PE and PG headgroups, rather than the PC headgroup (Dowhan, 1997) . To investigate whether the residual exposure at the identified sites of LeuT changes in this more native-like membrane environment, we repeated the calculations of residual exposure for LeuT embedded in a 3:1 POPE/POPG lipid bilayer, a lipid composition that has been used to model the inner bacterial membrane (Murzyn et al., 2005) . Figure 3 shows the residual exposure for the residues in the TM-bundle of LeuT, calculated from MD trajectories that were initiated from the outward-open conformation of the wild type transporter stabilized with the competitive transport inhibitor Trp (PDB 3F3A , Table 1 ). In the 3F3A X-ray structure, one Trp is bound in the primary S1 binding site, and another in the secondary S2 site in the extracellular vestibule of LeuT. For conformations with Trp bound in both S1 and S2, as well as for conformations with Trp bound only in the S1 site, our calculations show a residual exposure of >1 kT at L12 of TM1 (2-3 kT) and L277 at TM7 (1-2 kT) -see Fig. 3C and Table 3 . Similar to the results for POPC, the residual exposures at these locations are found here to be associated with the bending of the phosphate surface towards the positively charged K288 residue in TM7 and water penetration in the region (Fig. 3A) . A residual exposure of >1 kT was also found for P473 of TM11, similar to that seen in POPC membrane. These calculations confirm that the residual exposure pattern at the hydrophobic residues near K288 and R469 residues found for LeuT embedded in POPC membranes occurs as well in the more native-like 3:1 POPE/POPG lipid environment. To assess the effect of substrate-determined conformations we calculated the residual exposures as well from MD trajectories starting from the Leu-bound 3GJD X-ray structure (Table 1) that represents an occluded state of LeuT with a Leu in S1. The results for the residual exposure energies are presented in Fig. 3D and Table 3 . Here too, the residues with residual exposure that have an energy penalty >1 kT are L12 in TM1a and L277 of TM7, resulting in totals of 3.2 kT for TM1a, and 2.2 kT for TM7. In agreement with the mechanistic explanation identified in the POPC membrane, this residual exposure is associated with bending of the phosphate surface and water penetration near K288 accessing membrane-facing residues that would otherwise not be exposed.
The presence of the detergent molecule octylglucoside detergent (OG) in the extracellular vestibule of both 3F3A and 3GJD crystal structures has been identified as a factor in the stabilization of an inactive (inhibited) conformation of LeuT . Therefore, we investigated the lipid-protein interactions in the context studied here for the LeuT conformation in the presence of OG. Figures 3C and 3D compare the calculated residual exposure energies in the Trp-bound and Leu-bound constructs, in the presence or absence of OG molecule in S2 site. Interestingly, for the Trp-bound outward-facing conformation (based on 3F3A) our calculations do report a smaller residual exposure at residue L12 in the OG-bound state. However, from an examination of the trajectories, this does not appear to be related to the interactions in the S2 site where OG is bound. Rather, in this MD trajectory a POPE lipid molecule is interposed between the penetrating water near K288 and the neighboring L12, shielding L12 from unfavorable interactions with the penetrating water ( fig. 3B) . Moreover, the energy penalty of the residual exposure at L277 is more than 1 kT in this case as well. For the occluded conformation (3GJD), the calculations with and without OG show comparable residual exposure at TMs 1,7, and 11. Taken together, our data do not show an effect of the detergent molecule in S2 site on the residual exposure energies in either open-outward or occluded states of LeuT.
In silico K288-to-Ala mutation abolishes residual exposure at L12 and L277
To establish the relation between the effect seen on the residual exposure of the non-polar residues L12 (TM1a) and L277 (TM7), and the role of the adjacent polar residue K288 (TM7), we conducted the CTMD calculations on the occluded conformation of LeuT (containing substrate Leu in S1, 3GJD) in which K288 was mutated to Ala (K288A). The substantial membrane thinning and associated water penetration reported for the wild type transporter in Section 3.3 are not observed for the mutant, as illustrated in a snapshot of the trajectory in Fig.  4A . As expected, the residual exposure profile showed that in the K288A construct the residual exposure at L12 is reduced from ~3kT to ~1 kT, and at L277 from ~ 2.2 kT to <1 kT ( Fig. 4B and Table 3 ). We also note that the residual exposure at P473 of TM11, the residue at an approximately diametrically opposite side of the mutation site, remains high in the K288A construct (Table 3) . Thus, the K288A mutation has a dramatic effect on the residual exposure energies for the specific hydrophobic residues adjacent to the site of the mutation. This substantiates the mechanism we propose, in which the local effects on residual mismatch are produced by adjacency to residues with diverse polarity -a relatively common occurrence in multi-TM membrane proteins.
Discussion
The membrane environment of the prototypical neurotransmitter transporter analog LeuT is shown from the results presented here to respond dynamically to the structural features and conformational changes related to functional states of this transmembrane protein. That the energetics of this type of membrane remodeling are significant for the function and organization of proteins in the cell membrane has been established previously for the GPCRs (Botelho et al., 2002; Botelho et al., 2006; Brown, 1994; Mondal et al., 2011; Mondal et al., 2012; Periole et al., 2007; Soubias et al., 2010) , and for ion channels (Andersen and Koeppe, 2007; Harroun et al., 1999a, b; Huang, 1986; Lundbaek et al., 2003; Lundbaek et al., 2005; Nielsen et al., 1998; Phillips et al., 2009 ). The calculations we report here show that this energy component resulting from membrane-protein interactions, is important as well for LeuT. Thus, a significant role of the hydrophobic mismatch of LeuT in model membranes is evident from the calculations we report here, which show that both in POPC and in the more native-like POPE/POPG (3:1) bilayers, membrane deformations cannot completely alleviate this mismatch and its energy cost. The residual exposure and its energy penalty were shown to affect specific hydrophobic residues in TMs 1a, 7, and 11 that have a defined spatial relationship with the membrane-facing polar residue K288. We note the involvement of the intracellular end of TM1 (i.e., TM1a) in these unfavorable interactions with the lipid membrane as being especially interesting, because the repositioning of TM1a in LeuT has been shown to be important in the transition from occluded to inward-facing conformations associated with the transport cycle Shi et al., 2008; Zhao et al., 2010; Zhao et al., 2011) .
The residual exposure calculations performed with our recently described hybrid Continuum-Molecular Dynamics (CTMD) approach (Mondal et al., 2011 ) took into account not only the conformational differences between the functionally defined states of LeuT, but also the dynamic rearrangements of the protein side-chains in the atomistic MD simulations used to describe the membrane-protein interface for the different conformations of LeuT. MD simulation has proved to be of great value in describing such interfacial membrane-protein interactions, e.g., in the studies of lipid association with rhodopsin or contact dynamics between lipids and LeuT (Grossfield et al., 2006; Khelashvili et al., 2009a; Pantano and Klein, 2009; Pitman et al., 2005) . In the context of the CTMD framework, the major advantage of MD simulations is that they make it possible to account for the radial asymmetry of the hydrophobic surface of multisegment proteins in calculating the energetics of membrane deformations and residual exposure, through the use of MD-extracted boundary conditions. The same type of computational analysis applied here to study the LeuT-membrane interaction had previously revealed functionallysignificant residual exposure in a number of GPCR systems (Mondal et al., 2011; Mondal et al., 2012) . Indeed, like in LeuT, the multi-TM GPCRs (Mondal et al., 2011 ) present a heterogeneous hydrophobic surface with polar and hydrophobic residues next to each other at several sites. At these sites, the membrane is under constraint to match different extent of hydrophobic thickness in a neighborhood resulting in the possibility of unalleviated hydrophobic mismatch.
Our results for LeuT show that the residual exposure at hydrophobic residues of TM1 and TM7 ensues from the membrane thinning and water penetration due to the presence in their vicinity of the non-conserved polar residue K288 that faces the membrane. The functional implication of the mechanism that leads to this particular residual exposure is suggested by the experimental data for the transport properties of the K288A mutant. Thus, the LeuT mutant with alanine substituting for K288 was found experimentally to have more than five-fold higher transport efficiency (Piscitelli et al., 2010) , so that the K288A construct has been used in both structural and functional studies of LeuT Piscitelli and Gouaux, 2012; Piscitelli et al., 2010) . Our results, and the dramatic effect of the K288A mutation, suggest that the hydrophobic mismatch at K288 cannot be alleviated by the commonly observed Lys-snorkeling effect (Sankararamakrishnan and Weinstein, 2002; Strandberg and Killian, 2003) alone, because K288 is embedded too deep within the membrane (three helix turns above the cytoplasmic end of TM7, at a distance > ~8Å length of lysine's stretched side chain that snorkels (Strandberg and Killian, 2003) ). Evidently, the significant energy cost of burying the cationic residue in the lipid environment is alleviated by the effect of membrane thinning and water penetration near K288, which creates a polar environment from the water and the phospholipid head-groups. However, we show that this process also brings the neighboring L12 and L277 into unfavorable interactions with the polar environment of the penetrating water molecules. In the mutant K288A neither the water penetration nor the membrane thinning are observed near the 288 position, and the residual exposure at L12 and L277 is eliminated as well.
The differences between the WT and K288A observed from experimental studies and our computational results suggest how the K288-related residual exposure profile can impact the function-related conformational change in LeuT from the occluded to the inward-open state. The mechanistic hypothesis suggests that in the WT, the movement of the TM1a segment towards the lipid membrane in the transition to the inward-open state in LeuT would occur in the polar environment produced by water penetration around TM1a, involving hydrophobic residues that would otherwise remain exposed to the lipid membrane. Such a movement is likely to be affected by the energy cost of the residual exposure we described for the hydrophobic L12 and I15. Specifically, the cost of the mismatch is expected to generate a local activation barrier to the movement of TM1a, and thus affect transport. In the K288A mutant this barrier would be reduced (or eliminated) leading to the observed enhancement in transport efficacy.
We note that as surprising as the large and functionally consequential membrane deformation and water penetration near the membrane-exposed polar K288 may seem, such bilayer remodeling has been proposed previously, e.g., from MD studies of an Arg embedded in the membrane core as a part of a model helix (Dorairaj and Allen, 2007) . Our results now demonstrate that this remarkable feature occurs as well in a native membrane protein, and identify the mechanism by which it affects functionally relevant properties. Thus, the present analysis of the effect of a membrane-facing polar residue in the prototypical NSS protein LeuT, offers unprecedented insight into the energy-based consequences of the residual exposure that can occur in multi-helical proteins (as opposed to a single TM segment). In such proteins, some residues (e.g., hydrophobic) can become exposed to polarity-mismatched environments due to membrane deformations caused by adjacent mismatched residues (e.g., hydrophilic, as in the case of K288).
The results obtained here from the application of CTMD to LeuT in different conformations of the transport cycle, and embedded in POPC or POPG:POPE (3:1) membranes, can be probed with experimental methods measuring residue accessibility, because water was shown to penetrate not only in the lumen of the translocation path, but also at specifically located hydrophobic residues adjacent to the K288 polar center. For example, an EPR approach used recently to test residue locus accessibility in relation to the functional dynamics in LeuT (Claxton et al., 2010) can be applied to compare solvent accessibilities at L277 and L12 in the wild type and K288A mutant in POPC. The results are expected to offer reliable information about the local effect of membrane-protein interactions at residue K288 and its implication for the membrane deformation effects on the adjacent residues and to guide the refinement of the methods and the interpretation of the results from computations.
The biophysical perspective offered by the conclusions from this work, as well as from previous studies in which the incomplete hydrophobic matching was shown to result from the adjacency of polar and hydrophobic residues in multi-segment membrane proteins, suggest the need to modify the well-known concept of hydrophobic matching (Andersen and Koeppe, 2007; Harroun et al., 1999a; Huang, 1986; Nielsen et al., 1998) . Thus, the protein-membrane interaction mechanisms demonstrated here for LeuT and in the previous work on GPCRs (Mondal et al., 2011; Mondal et al., 2012; Shan et al., 2012) , indicate that the view that residual mismatch arises only from the difference between the average hydrophobic thickness of the protein and the bulk hydrophobic thickness of the membrane (Harroun et al., 1999a, b; Lundbaek and Andersen, 1999; Marsh, 2008) is incomplete. We showed that residual exposure is directly attributable to the radial asymmetry of the hydrophobic surface inherent to multi-segment proteins, and that the residual exposure in LeuT occurs in membrane environments (POPC and 3:1 POPE/POPG) whose unperturbed hydrophobic thicknesses are well-matched to the average hydrophobic thickness of the transporter. Taken together with our previous findings of similar mechanisms of residual exposure in the 7-TM GPCRs, the findings presented here show that the residual exposure is responsible for a critical energy component of membrane-protein interactions that affects both structural and functional properties of membrane proteins with multiple transmembrane segments. Snapshot from the atomistic MD trajectory for the outward-open conformation stabilized by Trp bound to the primary and secondary binding sites S1 and S2 (based on PDB 3F3A), illustrating the lipid-protein interactions at TM1 (red) and TM7 (green). The highlighted residues are K288 (blue), L277 (purple), L12 (orange), and I15 (yellow). Water molecules within 5 Å of these residues are shown in cyan CPK representation, with the phosphates of the two leaflets shown in tan. Trp in S1 and S2 sites are omitted for clarity. (B) Snapshot from the atomistic MD trajectory with OG and C14 detergents bound in the S2 site. The single lipid molecule shielding L12 from water molecules is highlighted in lime color. The detergent OG is highlighted in ochre color to show its position relative to K288. Waters and membrane phosphates are shown as in (A). Trp-s in S1 and S2 sites as well as C14 in S2 site are omitted for clarity. (C) Energy penalty due to residual exposure for the outward-open conformation of LeuT (based on PDB 3F3A) with Trp in the S1 site only (in blue), or with Trp in both S1 and S2 sites (cyan), or with the OG and C14 detergent molecules in S2, along with Trp in S1 and S2 (green). Energy costs are shown only for residues in TM segments. (D) Energy penalty due to residual exposure in the occluded conformation of LeuT (based on PDB 3GJD), with Leu bound in S1 (red), or with Leu in S1 and an OG detergent molecule in S2 (magenta). Energy costs are shown only for residues in TM segments.
Figure 4
Residual exposure is reduced in the Lys288-to-Ala mutant. (A) Snapshot from the atomistic MD trajectory for the K288A mutant (based on PDB 3GJD) in a ~3:1 POPE/POPG lipid bilayer, illustrating the lipid-protein interactions at TM1 (red) and TM7 (green). The key residues A288 (lime), L277 (purple), L12 (orange), and I15 (yellow) are highlighted in CPK rendering, and water molecules within 5 Å of these residues are shown (cyan, CPK representation). (B) Comparison of the energy penalty due to residual exposure in the K288A mutant (green) and wild-type LeuT (red), calculated for both in the occluded state with the S1 site occupied by substrate Leu and embedded in a 3:1 POPE/POPG lipid bilayer. TM1  TM2  TM3  TM4 TM5 TM6 TM7  TM8  TM9 TM10 TM11 TM1  TM2  TM3  TM4 TM5 TM6 TM7  TM8  TM9 TM10 TM11 TM1  TM2  TM3  TM4 TM5 TM6 TM7  TM8  TM9 TM10 TM11 TM1  TM2  TM3 TM4 TM5 TM6 TM7  TM8  TM9 TM10 TM11 TRP, OG, and also a tetradecane (C14) similar to the crystal structure.
TABLES
 Membrane deformation cannot alleviate completely hydrophobic mismatch in multi-TM proteins.
 A non-conserved membrane-facing residue K288 in LeuT causes large membrane deformation  Water penetration and membrane bending near K288 affects neighboring hydrophobic residues  Energy cost of residual hydrophobic mismatch is largest for neighboring residues in TM1a, TM7
 K288 effects on hydrophobic mismatch in TM1a and TM7 are abolished by Lys288-to-Ala mutation  Transport efficiency is increased in K288A mutant where residual mismatch at TM1a is eliminated  Findings suggest a mechanism by which the cost of mismatch at TM1a impedes its outward movement required for function *Highlights (for review)
Figure S1
Residual exposure profile for a LeuT monomer positioned in a hydrophobic slab of adjustable thickness. The calculation was done with the Orientations of Proteins in Membranes (OPM) web utility PPM 2.0 . The LeuT structure for this calculation is from PDBid 3F3A for the outward-open, 3GJD ) for the occluded, and 3TT3 for the inward-open conformations. The average hydrophobic thickness values calculated for the corresponding structures are 27.6 ± 0.7 Å, 27.0 ± 2.2 Å, and 28.2 ± 1.4 Å, respectively. To calculate the residual exposure in the OPM-positioned protein, solvent accessible surface areas were obtained first with the linear combination of pairwise overlaps approach (Weiser et al., 1999) . Only atoms at the membrane-protein interface were considered, with the criteria of <5 Å outside the hydrophobic slab in the Z-direction and <5 Å from the protein-slab boundary in the X-Y plane. The calculations do not consider alleviation of hydrophobic mismatch by snorkeling of Lys and Arg. (A) The energy costs for residual exposure of residues to unfavorable hydrophobic-polar interactions, calculated with the CTMDapp http://memprotein.org/resources/servers-andsoftware. (B) Illustrative example of residues where the residual exposure is not alleviated by membrane deformations in POPC from CTMD-based calculations in the main text. The polar residue K288 (in blue) is within the hydrophobic milieu, whereas the hydrophobic residues L12 and L277 (orange) are outside the hydrophobic milieu. (C) Illustrative example of residues where the residual exposure is alleviated by local membrane deformations in POPC (see Fig. 1 ). The hydrophobic residues that reside partly outside the hydrophobic slab are: F502 (in orange) and L503 of TM12 (purple). (D) Local thickening of the cytoplasmic leaflet of POPC (indicated in red) occurs near the residues F502 and L503 (orange) of TM12 (purple).
Figure S2 (A)
Residual exposure penalties for all residues of LeuT in the outward-open conformation embedded in a POPC lipid bilayer. Note that for certain residues, e.g., F502 and L503 at the intracellular end of TM12, there is no appreciable residual exposure even though these residues were exposed outside OPM-based the hydrophobic slab (Fig. S1) . The reason is shown in Fig. S1D where F502 and L503 are seen to be located near the red region (thickening) of the cytoplasmic leaflet.
Figure S2 (B)
The residual exposure penalties mapped onto the C-alpha atoms in the outwardopen conformation of LeuT. The surrounding phosphate headgroups are shown (in tan coloring) to help identify the membrane-facing residues of the protein. Note that some residues that are not membrane-facing are indicated to have large energy values in Fig. S2A , e.g., at P219, but these are not part of the lipid-protein interactions. On the other hand, residues such as L12 and L277 do face the membrane, and the energy values involve hydrophobic mismatch between the membrane and the protein.
Figure S3
Assessment of the residual exposure at P473 in the X-ray structure of LeuT (PDBid 3F3A) with the OPM-based method (see Fig. S1 ). (A) Exposure of P473 outside the hydrophobic milieu from the OPM-based calculation in Fig. S1 . The residual exposure at P473 is 2.8 kT here.
(B) The thickness of the hydrophobic milieu is extended to 30.8 Å in the Z>0 part corresponding to the upper leaflet. The residual exposure at P473 is reduced to ~0.05 kT. However, in this configuration, R469 is embedded the hydrophobic milieu at > 8.2 Å along just the Z-direction from the position of the P-atoms (assuming a distance of at least 5 Å of P-atoms from the hydrophobic core for POPC ).
